Background
==========

Cervical cancer is the fourth most common malignancy in women worldwide with an estimated 527,600 new cases and 265,700 deaths worldwide in 2012, displaying higher incidence and mortality in less developed countries [@B1]. The risk factors of cervical cancer chiefly include human papillomavirus (HPV) infection, high numbers of sexual partners, high parity, smoking cigarettes, long-term consumption of oral contraceptives and having the first sexual behaviour at a young age [@B2]-[@B8]. At present, surgery, radiotherapy and chemotherapy have been frequently used as treatment approaches to improve overall survival, disease-free survival, progression-free survival and decreased recurrence rate in cervical cancer patients [@B9], [@B10]. However, the 5-year survival rate for advanced cervical cancer patients, especially for metastatic cervical cancer patients, whose survival rates range from 5% to 15%, is still low [@B11]. Consequently much more effort is needed to further clarify the molecular mechanisms involved in tumour initiation and progression, which might help find better molecular targets for the treatment of cervical cancer.

As an innovative and high-throughput research method, gene expression profiling analysis based on microarray technology enables the simultaneous investigation of expression changes in thousands of genes in limited tumour samples and contributes to new drug target discovery, molecular diagnosis and prognosis [@B12]. In recent years, there have been many studies on the molecular mechanisms of cervical cancer occurrence and development by finding and analysing differentially expressed genes with microarray technologies. Scotto et al. examined the role of gains in the long arm of chromosome 20 (20q) and found a copy number increase in 20q in \>50% of invasive cervical cancers by means of gene expression profiling [@B13]. Zhai et al. confirmed HOXC10 as a critical mediator of invasion by gene expression analysis of preinvasive and invasive cervical squamous cell carcinomas [@B14]. Medina-Martinez et al. investigated the impact of gene dosage on gene expression, biological processes and survival in the carcinogenesis of cervical cancer via microarray technology and data analysis [@B15]. However, there are no reliable molecular expression profiling that discriminates cancer tissue from normal cervix tissue identified at the clinic. Currently, a combination of gene expression profiling and bioinformatics analysis allows us to comprehensively detect mRNA expression changes in cervical cancer and subsequently identify key genes and pathways that exist in the interaction network of differentially expressed genes (DEGs).

In the current study, cervical cancer-associated gene expression dataset GSE7803 was downloaded from Gene Expression Omnibus (GEO, <http://www.ncbi.nlm.nih.gov/geo/>), which is a public functional genomics data repository with array- and sequence-based data. DEGs were identified by the comparison of cancerous and normal cervix tissue based on R software and Bioconductor. GO analysis, KEGG pathway analysis, PPI network analysis and GSEA helped find critical genes and pathways in cervical cancer.

Materials and Methods
=====================

*Acquisition of microarray data.* The targeted gene expression dataset GSE7803 was downloaded from the GEO database. GSE7803, submitted by Rork Kuick et al., included 10 normal cervix samples and 21 cervical cancer samples and was based on the GPL96 platform (\[HG-U133A\] Affymetrix Human Genome U133A Array) [@B14].

*Identification of differentially expressed genes.* The raw data were subjected to significance analysis with several packages of R statistical software (version 3.3.2, <https://www.r-project.org/>). First, we detected microarray quality by a quality control overview diagram based on the \"simpleaffy\" package, weights and residuals plot, relative log expression (RLE) box plot and normalized unscaled standard errors (NUSE) box plot based on the \"affyPLM\" and \"RColorBrewer\" packages, RNA degradation curve based on the \"affy\" package and clustering analysis diagram based on the \"gcrma\", \"graph\" and \"affycoretools\" packages to remove the unqualified samples. Afterwards, an optimal integrative algorithm was selected to perform pre-processing of the raw microarray data. Then, an empirical Bayes method was used for significance analysis of DEGs, which included six key steps: construction of a gene expression matrix, construction of an experimental design matrix, construction of a contrast matrix, fitting of a linear model, Bayes test, and generation of a results report. We defined a *P* value \< 0.05 to be statistically significant. Finally, all the DEGs were annotated by the \"annotate\" package.

*Gene Ontology and KEGG pathway enrichment analysis of DEGs.* GO term enrichment analysis was conducted by the \"GOstats\" package of Bioconductor to excavate DEG function and biological significance. KEGG pathway enrichment analysis was performed to find pathways that were closely associated with cervical cancer with the \"GeneAnswers\" package of Bioconductor. A *P* value \< 0.05 was considered statistically significant.

*Module analysis of protein-protein interaction (PPI) network.* Search Tool for the Retrieval of Interacting Genes (STRING) database (<http://www.string-db.org/>) was used to acquire PPI information for the DEGs. Cytoscape software was applied to visualize the PPI network according to PPI information. The top DEGs with a high degree of connectivity in the PPI network were selected to discuss their function and effect on cervical cancer. Then, we successively performed module analysis and GO analysis to identify the biological processes that the module genes were significantly enriched in by the plug-ins Molecular Complex Detection (MCODE) and Biological Network Gene Ontology tool (BiNGO) in Cytoscape. Finally, the expression level of these pivotal DEGs was verified through cervical cancer-associated transcription profiling in The Cancer Genome Atlas (TCGA) database (<https://cancergenome.nih.gov/>), which contains gene expression information for various cancers. A *P* value \< 0.05 was considered to be statistically significant.

*GSEA of DEGs on the whole gene expression level.* GSEA is a powerful analytical method for interpreting genome-wide expression profiles, including three key elements: calculation of enrichment score (ES), estimation of significance level of ES and adjustment for multiple hypothesis testing [@B16]. We first created a chip expression profile file and a sample data file and then imported them into GSEA software. After choosing gene sets database and corresponding chip platform, setting other parameters as default, we could run GSEA and acquired pathway enrichment results on the total gene expression level.

Results
=======

*Identification of differentially expressed genes.* Cervical cancer-associated gene expression dataset GSE7803 included 10 normal cervix samples and 21 cervical cancer samples. The cervical cancer sample GSM189421 was an outlier, and it was removed based on the cluster analysis results of the microarray data. The integrative algorithm gcRMA was selected for the pre-processing of microarray data. Significance analysis found that there were 1829 DEGs in cervical cancer samples compared with normal samples, among which 794 DEGs were significantly down-regulated and 1035 DGEs were significantly up-regulated. A heat map showed expression profiling of the top 100 DEGs in the analysis result (Figure [1](#F1){ref-type="fig"}). The top 100 DEGs, including 36 significantly down-regulated genes and 64 significantly up-regulated genes, could effectively distinguish cervical cancer samples from normal cervix samples. Some of these DEGs might have relatively high potential to function as diagnostic biomarkers and therapeutic targets of cervical cancer. Table [1](#T1){ref-type="table"} shows detailed information on the top 10 DEGs in the significance analysis result, including gene symbols, gene names, average expression values, expression fold changes, and statistics, such as *t* values and *P* values. We chose 887 DEGs with fold changes over 2, including 469 up-regulated DEGs and 418 down-regulated DEGs, to carry out the subsequent bioinformatics analysis, as displayed in the volcano plot (Figure [2](#F2){ref-type="fig"}).

*GO term enrichment analysis.* GO term enrichment analysis found an obvious quantity variance and significance level difference among the 887 DEGs that were enriched in biological processes, molecular functions and cellular components. For biological processes, the up-regulated DEGs were mainly enriched in mitotic cell cycle processes, including DNA replication, organelle fission, chromosome segregation and cell cycle phase transition, suggesting that these DEGs could act as oncogenes to promote Human cervical carcinoma by accelerating cell cycle phase. The down-regulated DEGs were significantly enriched in development and differentiation processes, such as tissue development, epidermis development, skin development, keratinocyte differentiation, epidermal cell differentiation and epithelial cell differentiation, suggesting that cell differentiation-associated DEGs might play a negative role in the malignant proliferation of Human cervical carcinoma cells. Regarding cellular components, the up-regulated DEGs were significantly enriched in the chromosomal region and the nuclear part, indicating that the cellular localization of DEGs was consistent with the abovementioned biological functions, and the down-regulated DEGs were primarily enriched in the extracellular region part, such as extracellular vesicles, extracellular organelles and extracellular exosomes. For molecular functions, the up-regulated DEGs were significantly enriched in protein binding, DNA helicase activity and DNA-dependent ATPase activity, which participated in and facilitated DNA replication to promote cell cycle, and the down-regulated DEGs were significantly enriched in endopeptidase inhibitor activity, peptidase regulator activity and enzyme inhibitor activity. All the detailed GO term enrichment analysis results are displayed in Figure [3](#F3){ref-type="fig"}.

*KEGG pathway enrichment analysis.* KEGG pathway analysis found that DEGs were significantly enriched in 5 pathways as shown in Figures [4](#F4){ref-type="fig"}-[5](#F5){ref-type="fig"}. To be specific, 33 up-regulated DEGs and 3 down-regulated DEGs were significantly enriched in cell cycle-associated pathways. Thirteen up-regulated DEGs were significantly enriched in DNA replication-associated pathways. Ten up-regulated DEGs and eight down-regulated DEGs were significantly enriched in p53 signalling pathways. Eleven down-regulated DEGs and 26 up-regulated DEGs were significantly enriched in pathways in cancer. Thirteen up-regulated DEGs and five down-regulated DEGs were significantly enriched in oocyte meiosis. The detailed analysis results of the top 5 pathways with high enrichment significance levels are displayed in Table [2](#T2){ref-type="table"}; these results indicated that cell cycle-associated pathways had the highest fold over-expression.

*Module analysis of PPI network.* PPI information was acquired from the STRING database. A PPI network graph was conducted by Cytoscape software, and based on this graph, we selected the top 9 DEGs with a degree of connectivity larger than 72 as hub genes that were closely associated with cervical cancer. These hub genes were down-regulated translocator protein (TSPO), cyclin D1 (CCND1), Fos proto-oncogene, and AP-1 transcription factor subunit (FOS) and up-regulated cyclin B1 (CCNB1), topoisomerase (DNA) II alpha (TOP2A), proliferating cell nuclear antigen (PCNA), cyclin dependent kinase 1 (CDK1), MAD2 mitotic arrest deficient-like 1 (MAD2L1), and baculoviral IAP repeat containing 5 (BIRC5). Among these DEGs, TSPO displayed the highest degree of connectivity which was 149. The plug-ins MCODE and BiNGO were used for PPI module screening and corresponding GO term enrichment analysis in Cytoscape. The top 3 modules with high scores were selected for display and were significantly enriched in mitotic cell cycle, DNA replication and the regulation of cell cycle (Table [3](#T3){ref-type="table"}-[5](#T5){ref-type="table"}, *P* \< 0.01). Specifically, module 1 contained 51 nodes (genes) and 477 edges (interaction), among which PCNA, MCM5, MCM3, MCM4, MCM7 and CCNB1 had a degree of connectivity larger than 30 and could function as hub module genes in DNA replication processes (Figure [6](#F6){ref-type="fig"}A and Table [3](#T3){ref-type="table"}). Relevant studies have corroborated this speculation. Up-regulated PCNA induced by long noncoding RNA CCHE1 could promote the cell proliferation of cervical cancer [@B17]. MCM2-7 could strengthen DNA helicase activity to accelerate the cell cycle [@B18],[@B19]. CCNB1, one of the highly conserved cyclin family members, is involved in regulating cell cycle at the G2/M transition by forming maturation-promoting factor (MPF) with p34, suggesting that its over-expression can promote the progression of cancers [@B20],[@B21]. Module 2 contained 25 nodes and 120 edges, among which RAD21, SMC3 and KIF2C had a degree of connectivity larger than 14 and could act as critical module genes in cell cycle processes (Figure [6](#F6){ref-type="fig"}B and Table [4](#T4){ref-type="table"}). RAD21, involved in the repair of DNA double-strand breaks, is essential for supporting normal DNA replication in the cell cycle [@B22]. Dysregulated SMC3 could contribute to the maintenance of sister chromatid cohesion by acetylation in cell cycle processes [@B23]. As a tumour antigen, NY-CO-58/KIF2C is overexpressed in various solid tumours and its expression level correlates with the proliferative activity of cancer cells [@B24]. Module 3 contained 37 nodes and 141 edges, among which KIF11, CDK1, BIRC5 and TOP2A had a degree of connectivity larger than 10 and could be considered to be key module genes in cell cycle-associated pathways (Figure [6](#F6){ref-type="fig"}C and Table [5](#T5){ref-type="table"}). KIF11 is an evolutionarily conserved chromosome instability gene, and aberrant expression of KIF11 may promote the pathogenesis of cancer by inducing chromosome instability [@B25]. The up-regulated DEG CDK1 is a key signalling molecule in the regulation of cell cycle and holds promise as a drug target in various tumours, although there are not many studies on CDK1 in cervical cancer [@B26]. BIRC5, known as survivin, can contribute to cell growth, proliferation, migration and metastasis in cervical cancer [@B27]-[@B31]. Up-regulated TOP2A participates in controlling DNA topological structure, chromosome segregation and cell cycle progression by encoding a 170-kDa nuclear enzyme [@B32]-[@B34]. Cervical cancer-associated transcription profiling in the TCGA database further validated the expression changes of these key DEGs (Figure [7](#F7){ref-type="fig"}). TSPO was detected as up-regulated, but this might be due to a few paracancerous tissue samples of cervical cancer in the TCGA database.

GSEA of DEGs on the whole gene expression level. We further explored and verified KEGG pathway which DEGs involved on the whole gene expression level by GSEA. The results, as shown in Table [6](#T6){ref-type="table"}, identified 97 significantly enriched pathways such as DNA replication, meiotic cell cycle and signal transduction by p53 class mediator (*P* \< 0.01, FDR \< 0.25), which were basically consistent with the above analysis results. Figure [8](#F8){ref-type="fig"} displayed four pathways including RNA splicing, gene silencing, DNA geometric change and negative regulation of chromosome organization, illuminating new molecular mechanisms that DEGs participated in cervical occurrence and progression.

Discussion
==========

Cervical cancer is a common female malignancy that involves multiple factors, multiple gene variations, and a multi-step and multi-stage progression. It is of critical importance to understand the molecular mechanisms of cervical cancer occurrence and development for clinical therapy and early diagnosis. As a high-throughput platform, microarray technology has been widely used to measure gene expression profiles in various tumours to find pivotal genes and pathways as potential molecular targets. In our previous study, we identified several critical DEGs and pathways, such as EGFR and immune response, through bioinformatics analysis of microarray data [@B35]. In the present study, we acquired the original cervical cancer microarray dataset GSE7803 and identified 1035 significantly up-regulated DEGs and 794 significantly down-regulated DEGs between normal and cancerous cervix samples. Then, we selected 887 DEGs with fold changes over 2 for subsequent bioinformatics analysis.

GO term enrichment analysis showed that the up-regulated DGEs were significantly enriched in cell cycle process, chromosomes, and nuclear and DNA helicase activity, suggesting that some of these DEGs could locate in the nucleus and be involved in cell cycle processes to promote cell proliferation by enhancing DNA helicase activity in cervical cancer. At present, several studies have demonstrated that the up-regulated DEGs CCNE1, CDKN3, SOX4, CDK1 and MDC1 could function as oncogenes involved in the cell cycle during the progression of cervical cancer [@B36]-[@B40]. In contrast, the down-regulated DEGs were significantly enriched in development and differentiation processes, extracellular regions and enzyme inhibitor activity, indicating that some of these DEGs could localize to the extracellular region, inhibit peptidase activity and be involved in cell differentiation, which could play a suppressive role in cervical cancer. For example, the significantly down-regulated DEG serpin peptidase inhibitor (SERPINB5) can function as a tumour suppressor to repress the invasion and metastasis of cancer cells [@B41]. In addition, the down-regulated DEG Cystatin M (CST6) can act as an inhibitor of lysosomal cysteine proteases, which can contribute to cancer cell invasion by degrading the extracellular matrix [@B42]-[@B46]. Therefore, some of the down-regulated DEGs could be promising candidate genes of antitumour drugs. KEGG pathway enrichment analysis found that some DEGs were significantly enriched in cell cycle, DNA replication, the p53 signalling pathway, pathways in cancer and oocyte meiosis. Mine KL et al. demonstrated that cell cycle and antiviral genes could function as major drivers of cervical cancer [@B47]. Furthermore, some studies found that multiple abnormally expressed genes, such as microRNAs, CYB5D2 and oral cancer overexpressed 1 (ORAOV1), could regulate cell cycle to influence cervical cancer progression, which highlighted the biological significance of the cell cycle in cervical cancer [@B48]-[@B51]. MCM2-7, which was significantly enriched in DNA replication (as shown in Figure [5](#F5){ref-type="fig"}), played a key role in cell cycle progression by licensing DNA replication only once per cell cycle, and it was highly expressed to promote the malignant proliferation of cervical cancer cells [@B52]. P53, a pivotal tumour suppressor gene, and its signalling pathways were involved in the proliferation and apoptosis of cervical cancer cells and displayed relatively high prognostic value [@B53]-[@B55]. In brief, the enriched GO terms and KEGG pathways explained the specific molecular mechanisms of cervical cancer to some extent.

We then constructed a PPI network with DEGs to screen the top 9 hub genes with a relatively high degree of connectivity, including down-regulated TSPO, CCND1, and FOS and up-regulated CDK1, TOP2A, CCNB1, PCNA, BIRC5 and MAD2 L1. These hub genes exerted a considerable influence on cervical cancer initiation and progression from different sides. TSPO had the highest degree of connectivity; it is an 18-kD protein that plays an important role in various cellular processes, such as inducing cell apoptosis and cell cycle arrest [@B56]-[@B58]. Therefore, the down-regulation of TSPO could contribute to the anti-apoptosis and proliferation of cervical cells. CCND1 was significantly down-regulated according to our analysis, and this result was consistent with the studies performed by Skomedal H and Bae DS [@B59], [@B60]. However, three microRNAs, including microRNA-2861, microRNA-195 and microRNA-202, have been demonstrated to inhibit cell proliferation and progression in cervical cancer by directly targeting CCND1, suggesting that CCND1 was a tumour promoter [@B61]-[@B63]. Consequently, more investigation is needed to determine the function of down-regulated CCND1 in cervical cancer. The significantly down-regulated FOS gene has been shown to have tumour suppressor activity and could inhibit cell cycle progression and tumour formation [@B64]. Nevertheless, on the contrary, other studies have demonstrated that FOS could function as a proto-oncogene to facilitate tumourigenesis, showing over-expression in various cancers, including invasive cervical cancer [@B65]-[@B67]. Therefore, additional efforts are needed to further confirm the molecular mechanism of FOS in cervical cancer. As a mitotic checkpoint protein, MAD2L1 goes hand-in-hand with cell cycle in various cancers [@B68]-[@B71]. In conclusion, the top 9 hub DEGs, in different aspects, deeply influence the progression of cervical cancer, including cell growth, proliferation, invasion and metastasis, suggesting that some up-regulated DEGs have the potential to be effective molecular targets. Module analysis of the PPI network further indicated that the progression of cervical cancer was significantly associated with cell cycle and DNA replication, which was basically consistent with what we have discussed in the above text. Cervical cancer-associated transcription profiling data in the TCGA database validated the expression changes of key DEGs, including the top 9 DEGs with a high degree of connectivity in PPI network and 8 module hub genes, further demonstrating the high performance of DEG significance analysis based on R (Figure [7](#F7){ref-type="fig"}).

GSEA results further confirmed the identified pathways and simultaneously found some new biological processes DEGs significantly enriched such as RNA splicing and Gene silencing [@B72], [@B73]. Mole S, et al demonstrated that HPV16 E2 as a transcription factor could regulate the expression of RNA splicing factors SF2/ASF, SRp20 and SC35 to facilitate cervical cancer progression [@B74]. Gene silencing of oncogenes such as UHRF1 and MAPK1 could inhibit cell proliferation and metastasis [@B75], [@B76].

These new biological processes identified by GSEA helped us gain a better knowledge of molecular mechanism existing in cervical cancer. Finally, based on GO term enrichment analysis, KEGG pathway analysis, PPI network module analysis and GSEA results, we found that some obvious similarities existed in the different analysis results. By comprehensive analysis, we confirmed that cell cycle, including DNA replication, chromosome segregation, organelle fission, cell cycle phase transition and so on, was a key biological process and a critical driver in cervical cancer initiation and progression.

As high-throughput technologies develops fast, the cost of microarray and sequencing are reducing rapidly. As a result, there are more and bigger high-throughput data sets from various chips or sequencers such as Affymetrix and Agilent chips in cervical cancer research field. In this article, we could not find more new molecular targets for cervical cancer due to the limitation of the bioinformatics analysis on single data set. However, we performed a comprehensive analysis and presented more details about our finding, which have been partially confirmed by some other research groups [@B77]-[@B79]. In future, the integrated analysis on multiple data sets could help a lot on the identification of more key targets.

Conclusion
==========

In conclusion, we conducted a comprehensive bioinformatics analysis on microarray data of cervical cancer. Pivotal DEGs and pathways were identified and screened to provide a theoretical basis for potential drug target discovery and the molecular mechanisms of cervical cancer. Nevertheless, additional relevant studies are needed to further confirm the identified DEGs and pathways in cervical cancer.
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![GO terms enrichment analysis of DEGs. Red: biological process; Green: cellular component; Blue: molecular function. Number in the bar plot: Count of DEGs enriched in corresponding GO classification. (A) GO analysis results of up-regulated DEGs, which were significantly enriched in cell cycle, cell nucleus and DNA replication-associated enzyme activity; (B) GO analysis results of down-regulated DEGs, which were significantly enriched in tissue development and cell differentiation, extracellular region and peptidase inhibitor activity.](ijmsv16p0800g003){#F3}
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![The top 3 modules with relatively high scores selected from the protein-protein interaction network. (A) module 1 with 51 nodes and 477 edges was significantly enriched in DNA replication, cell cycle, DNA metabolic process, M phase and cell cycle phase; (B) module 2 with 25 nodes and 120 edges was significantly enriched in mitotic cell cycle, cell division, cell cycle phase, cell cycle process and nuclear division; and (C) module 3 with 37 nodes and 141 edges was significantly enriched in cell cycle, regulation of cell cycle, cell cycle process, cell cycle phase and mitotic cell cycle.](ijmsv16p0800g006){#F6}

![Heat map of expression profiling of several key genes from the protein-protein interaction network analysis results. Four genes were down-regulated and thirteen genes were up-regulated, which preliminarily validated the bioinformatics analysis results of the microarray data.](ijmsv16p0800g007){#F7}

![The four enrichment plots from the GSEA results, CC: Cervical Cancer. (A) RNA splicing (*P* = 0.002, FDR = 0.186); (B) DNA geometric change (*P* \< 0.01, FDR = 0.217); (C) gene silencing (*P* = 0.008, FDR = 0.195); (D) negative regulation of chromosome organization (*P* \< 0.01, FDR = 0.234).](ijmsv16p0800g008){#F8}

###### 

Detailed information on the top 10 differentially expressed genes in the analysis result, including gene symbol, gene name, average expression value, expression fold change, and statistics, such as *t* value and *P* value.

  Symbol   Name                                             AveExpr   t         P.Value    adj.P.Val   B        logFC
  -------- ------------------------------------------------ --------- --------- ---------- ----------- -------- --------
  CDKN2A   cyclin dependent kinase inhibitor 2A             8.208     25.038    6.68E-21   1.49E-16    37.806   7.602
  UPK1A    uroplakin 1A                                     4.159     -19.185   8.51E-18   9.48E-14    30.665   -5.699
  ENDOU    endonuclease, poly(U) specific                   3.927     -16.091   8.33E-16   6.19E-12    26.039   -4.927
  IL1R2    interleukin 1 receptor type 2                    5.210     -15.689   1.59E-15   8.88E-12    25.383   -5.140
  ECT2     epithelial cell transforming 2                   7.054     15.478    2.25E-15   1.00E-11    25.033   5.005
  DSG1     desmoglein 1                                     4.430     -15.109   4.16E-15   1.55E-11    24.410   -6.513
  MCM2     minichromosome maintenance complex component 2   7.032     14.451    1.28E-14   4.07E-11    23.271   3.969
  KRT1     keratin 1                                        5.976     -14.333   1.57E-14   4.38E-11    23.063   -8.747
  RFC4     replication factor C subunit 4                   7.824     13.858    3.64E-14   9.02E-11    22.209   2.990
  MBD4     methyl-CpG binding domain 4, DNA glycosylase     9.357     13.528    6.63E-14   1.48E-10    21.601   1.944

###### 

The detailed information of the top 5 significantly enriched KEGG pathways.

  KEGG ID   KEGG name               genes in Category   percent in the observed List   percent in the genome   fold of overrepresents   odds ratio   p value
  --------- ----------------------- ------------------- ------------------------------ ----------------------- ------------------------ ------------ ----------
  4110      Cell cycle              36                  0.099                          0.021                   4.681                    6.756        9.50E-16
  4115      p53 signaling pathway   18                  0.049                          0.012                   4.268                    5.676        8.81E-08
  3030      DNA replication         13                  0.036                          0.006                   5.822                    8.828        1.02E-07
  4114      Oocyte meiosis          18                  0.049                          0.019                   2.591                    2.995        0.000157
  5200      Pathways in cancer      37                  0.102                          0.056                   1.830                    2.042        0.000207

###### 

The top 5 significantly enriched GO terms and corresponding gene information in module 1.

  GO-ID   p-value    corr p-value   N    Description             Genes in test set
  ------- ---------- -------------- ---- ----------------------- --------------------------------------------------------------------------------
  6260    3.82E-27   3.70E-24       21   DNA replication         RFC5\|GINS1\|FEN1\|RFC3\|PCNA\|MCM7\|RECQL\|MRE11A\|MCM10\|CDC7\|IGF1\|
                                                                 ORC5\|ORC6\|RAD51\|CCNE2\|MCM3\|MCM4\|MCM5\|MCM6\|MCM2\|ATR
  7049    5.23E-24   2.53E-21       29   cell cycle              MCM7\|BUB1B\|NCAPG\|TTK\|AURKA\|CCNB2\|CCNB1\|RACGAP1\|PBK\|NEK2
                                                                 \|E2F3\|DLGAP5\|UBE2C\|MRE11A\|KIF23\|CDC7\|NDC80\|MSH6\|CCNA2\|TUBB2A
                                                                 \|RAD51\|IL8\|CKS2\|MCM3\|TIMELESS\|MCM6\|MCM2\|ATR\|MAD2L1
  6259    2.76E-23   8.91E-21       25   DNA metabolic process   FEN1\|PCNA\|MCM7\|MCM10\|ORC5\|ORC6\|OBFC1\|TOPBP1\|RFC5\|GINS1\|RFC3\|RECQL\|
                                                                 MRE11A\|CDC7\|FOS\|IGF1\|MSH6\|RAD51\|CCNE2\|MCM3\|MCM4\|MCM5\|MCM6\|MCM2\|ATR
  279     8.85E-20   2.14E-17       20   M phase                 UBE2C\|BUB1B\|NCAPG\|MRE11A\|KIF23\|TTK\|NDC80\|AURKA\|MSH6\|CCNA2\|CCNB2\|
                                                                 CCNB1\|TUBB2A\|RAD51\|PBK\|CKS2\|TIMELESS\|NEK2\|DLGAP5\|MAD2L1
  22403   2.59E-19   4.25E-17       21   cell cycle phase        UBE2C\|BUB1B\|NCAPG\|MRE11A\|KIF23\|TTK\|CDC7\|NDC80\|AURKA\|MSH6\|CCNA2\|
                                                                 CCNB2\|CCNB1\|TUBB2A\|RAD51\|PBK\|CKS2\|TIMELESS\|NEK2\|DLGAP5\|MAD2L1

###### 

The top 5 significantly enriched GO terms and corresponding gene information in module 2.

  GO-ID   p-value    corr p-value   N    Description          Genes in test set
  ------- ---------- -------------- ---- -------------------- ------------------------------------------------------
  278     4.53E-17   1.94E-14       14   mitotic cell cycle   TIPIN\|SMC3\|SMC4\|NSL1\|ZWINT\|STAG1\|CENPF\|
                                                              DBF4\|PRC1\|CCNE1\|RAD21\|KNTC1\|KIF2C\|BUB3
  51301   2.02E-16   4.29E-14       13   cell division        TIPIN\|SMC3\|SMC4\|NSL1\|ZWINT\|STAG1\|CENPF\|
                                                              PRC1\|CCNE1\|RAD21\|KNTC1\|KIF2C\|BUB3
  22403   3.00E-16   4.29E-14       14   cell cycle phase     TIPIN\|SMC3\|SMC4\|NSL1\|ZWINT\|STAG1\|CENPF\|
                                                              DBF4\|PRC1\|CCNE1\|RAD21\|KNTC1\|KIF2C\|BUB3
  22402   1.70E-14   1.31E-12       14   cell cycle process   TIPIN\|SMC3\|SMC4\|NSL1\|ZWINT\|STAG1\|CENPF\|DBF4\|
                                                              PRC1\|CCNE1\|RAD21\|KNTC1\|KIF2C\|BUB3
  280     1.84E-14   1.31E-12       11   nuclear division     TIPIN\|STAG1\|CENPF\|RAD21\|KNTC1\|
                                                              KIF2C\|BUB3\|SMC3\|SMC4\|NSL1\|ZWINT

###### 

The top 5 significantly enriched GO terms and corresponding gene information in module 3.

  GO-ID   p-value    corr p-value   N    Description                Genes in test set
  ------- ---------- -------------- ---- -------------------------- ---------------------------------------------------------------------
  7049    3.96E-15   3.07E-12       19   cell cycle                 BARD1\|BLM\|CDKN2A\|PLK2\|KIF11\|SMC1A\|CKS1B\|SMC2\|KAT2B\|CDC23\|
                                                                    RBL1\|PTTG1\|NUSAP1\|CDK1\|BIRC5\|NBN\|TRIP13\|CEP55\|CDKN3
  51726   6.19E-14   2.40E-11       15   regulation of cell cycle   BARD1\|BLM\|CDKN2A\|SMC1A\|FANCG\|CKS1B\|KAT2B\|CDK7\|
                                                                    CDC23\|TPR\|NUSAP1\|CDK1\|BIRC5\|NBN\|CDKN3
  22402   1.58E-13   4.08E-11       16   cell cycle process         BARD1\|BLM\|CDKN2A\|KIF11\|SMC1A\|SMC2\|KAT2B\|CDC23\|
                                                                    PTTG1\|NUSAP1\|CDK1\|BIRC5\|NBN\|TRIP13\|CEP55\|CDKN3
  22403   9.69E-13   1.88E-10       14   cell cycle phase           BLM\|CDKN2A\|KIF11\|SMC1A\|SMC2\|CDC23\|PTTG1\|
                                                                    NUSAP1\|CDK1\|BIRC5\|NBN\|TRIP13\|CEP55\|CDKN3
  278     3.56E-12   5.52E-10       13   mitotic cell cycle         BLM\|CDKN2A\|PLK2\|KIF11\|SMC1A\|SMC2\|CDC23\|
                                                                    PTTG1\|NUSAP1\|CDK1\|BIRC5\|CEP55\|CDKN3

###### 

The significant enriched KEGG pathways from GSEA results (*P* \< 0.01, FDR \< 0.25).

  NAME                                                  SIZE   ES       NES      NOM p-val   FDR q-val   FWER p-val   RANK AT MAX
  ----------------------------------------------------- ------ -------- -------- ----------- ----------- ------------ -------------
  DNA_REPLICATION_INDEPENDENT_NUCLEOSOME_ORGANIZATION   38     -0.764   -1.547   0.0000      0.159       0.998        328
  CELL_CYCLE_CHECKPOINT                                 155    -0.617   -1.547   0.0000      0.162       0.998        2191
  MEIOTIC_CHROMOSOME_SEGREGATION                        34     -0.783   -1.549   0.0000      0.165       0.998        234
  NEGATIVE_REGULATION_OF_ORGANELLE_ORGANIZATION         281    -0.526   -1.531   0.0000      0.169       0.999        2145
  NEGATIVE_REGULATION_OF_CYTOSKELETON_ORGANIZATION      160    -0.577   -1.615   0.0000      0.170       0.940        1517
  NEGATIVE_REGULATION_OF_CELLULAR_CATABOLIC_PROCESS     120    -0.532   -1.529   0.0000      0.170       0.999        2145
  MICROTUBULE_BASED_MOVEMENT                            132    -0.495   -1.562   0.0000      0.170       0.996        1792
  NUCLEAR_TRANSPORT                                     263    -0.479   -1.566   0.0000      0.173       0.996        2615
  REGULATION_OF_MICROTUBULE_BASED_PROCESS               170    -0.611   -1.616   0.0000      0.175       0.939        1539
  DNA_REPLICATION                                       150    -0.707   -1.566   0.0000      0.176       0.996        2187
  PROTEIN_SUMOYLATION                                   98     -0.686   -1.617   0.0000      0.179       0.935        2304
  MISMATCH_REPAIR                                       26     -0.725   -1.568   0.0000      0.180       0.996        3098
  CHROMATIN_ORGANIZATION                                456    -0.525   -1.575   0.0000      0.180       0.992        2632
  SISTER_CHROMATID_COHESION                             74     -0.760   -1.585   0.0000      0.183       0.981        1747
  PEPTIDYL_LYSINE_MODIFICATION                          226    -0.581   -1.617   0.0000      0.185       0.932        2529
  COVALENT_CHROMATIN_MODIFICATION                       238    -0.510   -1.587   0.0000      0.185       0.979        2609
  MICROTUBULE_ORGANIZING_CENTER_ORGANIZATION            59     -0.706   -1.619   0.0000      0.189       0.929        1370
  DNA_CONFORMATION_CHANGE                               200    -0.689   -1.635   0.0000      0.194       0.897        1965
  REGULATION_OF_CYTOSKELETON_ORGANIZATION               369    -0.432   -1.470   0.0000      0.201       1.000        1539
  DNA_REPAIR                                            346    -0.604   -1.619   0.0000      0.204       0.927        2161
  DNA_GEOMETRIC_CHANGE                                  70     -0.718   -1.645   0.0000      0.217       0.862        1309
  NEGATIVE_REGULATION_OF_CHROMOSOME_ORGANIZATION        77     -0.637   -1.646   0.0000      0.234       0.861        2502

[^1]: Competing Interests: The authors have declared that no competing interest exists.
